Osteosarcoma (OS) is a primary malignant bone tumor with a high propensity for local recurrence and distant metastasis. We previously showed a secreted, dominant-negative LRP5 receptor (DNLRP5) suppressed in vitro migration and invasion of the OS cell line SaOS-2. Therefore, we hypothesized DNLRP5 also has in vivo antitumor activity against OS. We used the 143B cell line as a model to study the effect of DNLRP5 by stable transfection. Inhibition of Wnt signaling by DNLRP5 was verified by a reduction in TOPFLASH luciferase activity. In soft agar, DNLRP5-transfected 143B cells formed fewer and smaller colonies than control transfected cells. DNLRP5 transfection reduced in vivo tumor growth of 143B cells in nude mice. DNLRP5 also decreased in vitro cellular motility in a scratch wound assay. In a spontaneous pulmonary metastasis model, DNLRP5 reduced both the size and number of lung metastatic nodules. The reduction in cellular invasiveness by DNLRP5 was associated with decreased expression of matrix metalloproteinase-2, N-cadherin, and Snail. Our data suggest canonical Wnt/ LRP5 signaling reflects an important underlying mechanism of OS progression. Therefore, strategies to suppress LRP5-mediated signaling in OS cells may lead to a reduction in local or systemic disease burden.
Introduction
Osteosarcoma (OS) is the most common primary malignancy of bone in children and the fifth most common malignancy among adolescents and young adults. Currently, despite intensive chemotherapy and adequate surgical resection, 30% to 40% of patients still die of their disease, mainly from distant metastasis to the lung [7] . Detailed mechanisms of tumorigenicity and metastasis need to be elucidated to identify potential targeted treatment strategies.
The canonical Wnt signaling pathway plays important roles during embryonic development and oncogenesis [5, 22] . Binding of Wnt ligands to the membrane receptors Frizzled and low-density lipoprotein receptor related protein 5 (LRP5) leads to inhibition of GSK3b in a cytoplasmic complex comprising adenomatous polyposis coli, Axin, GSK3b, and b-catenin. This inhibition leads to hypophosphorylation and stabilization of b-catenin, resulting in cytosolic accumulation and translocation of b-catenin into the nucleus. After being translocated to the nucleus, b-catenin forms complexes with the T-cell factor (TCF)/lymphocyte-enhancing factor (LEF) family of transcription factors to activate Wnt-responsive genes such as matrix metalloproteinases (MMPs), c-Myc, cyclin D1, and so on [5, 17] .
LRP5, a single-pass transmembrane protein, is required as a coreceptor for canonical Wnt-mediated signaling [23] . In addition, LRP5 serves as a major regulator of bone homeostasis [13, 21] . In transgenic mice, loss of LRP5 markedly reduces the formation of mammary tumors, suggesting an oncogenic function for this Wnt receptor [15] . We previously reported expression of LRP5 mRNA in OS tissue correlated with the development of metastatic disease and a worse event-free survival [12] . Recently, dominant-negative LRP5 plasmid (DNLRP5) transfection reportedly decreased tumorigenicity of prostate cancer PC-3 cells and reversed the epithelial to mesenchymal transition in PC-3 and SaOS-2 cells [9, 27] . Because SaOS-2 cells cannot form in vivo tumor and metastasis, in this study, we used the 143B cell line in an orthotopic xenograft model.
We asked whether DNLRP5 has in vivo antitumor and antimetastasis activity in OS. We specifically hypothesized DNLRP5 has in vivo antitumor and antimetastatic activity in OS. Secondarily we hypothesized DNLRP5 decreases in vitro cell growth, cancer cell migration capacity, and invasiveness-associated biomarkers.
Materials and Methods
To test these hypotheses, we established stable 143B cell lines expressing control vector and DNLRP5 expression construct. The antitumor and antimetastatic activity of DNLRP5 measured as tumor growth rate and number of lung metastatic nodules was compared between vector control and DNLRP5 transfection groups. In vitro anchorage-independent cell growth was assessed by soft agar colony formation assay in vector control versus DNLRP5 transfection groups. Cell migration capacity examined by scratch healing assay was compared between control and DNLRP5 transfected 143B cell lines. Cancer invasiveness-associated markers such as MMP-2, N-cadherin, and Snail were evaluated in control and DNLRP5 tranfected cells by Western blot analysis of protein expression.
Normal human osteoblasts (NHOst) were obtained from the Clonetics1 collection (Cambrex Corp, East Rutherford, NJ) and maintained in the OGM-Osteoblast Growth Medium (Cambrex Corp). OS cell lines Saos-2, 143B, MNNG/HOS, U2-OS, and MG-63 were from the American Type Culture Collection (ATCC; Manassas, VA). OS cell lines 143.98.2 and OS160 were provided by Dr Richard Gorlick (Children's Hospital at Montefiore, Bronx, NY). All OS cell lines were maintained in MEMa medium with 10% fetal bovine serum (FBS; Invitrogen, Carlsbad, CA) at 37°C in a humidified atmosphere of 5% CO 2 . PcDNA3.1 expression vector was obtained from Invitrogen. The Myc-tagged, secreted DNLRP5 (a generous gift from Dr Matthew Warman, Boston Children's Hospital, Boston, MA) encoded the extracellular, ligand-binding domain of LRP5 (DTM) [8] . The TCF4 luciferase reporter (pTOP-FLASH) plasmid was provided by Dr Marian Waterman (University of California, Irvine, CA). b-galactosidase plasmid was obtained from Invitrogen. We have not been successful in establishing an orthotopic model using the SaOS-2 cell line following the reported method by Dass et al. [6] . We speculate the growth and metastatic potential of SaOS-2 cells used by Dass et al. [6] may be different from our SaOS-2 cell line freshly obtained from ATCC. It may be important to compare the SaOS-2 cell line from Choong's laboratory with our SaOS-2 line. In this study, we used the 143B cell line in an orthotopic xenograft model [16] of OS to evaluate the antitumor and antimetastatic effects of blocking LRP5 using the Myc-tagged DNLRP5 construct.
For stable transfection, 143B cells were plated at 3 9 10 5 cells per well in six-well plates and maintained in 37°C overnight. Cells were then transfected with DNLRP5 construct using lipofectamine 2000 (Invitrogen) according to the manufacturer's protocol. As a control, 143B cells were also transfected with PcDNA3.1 vector (Invitrogen). Transfected cells were then selected with G418 (800 lg/ mL) starting 24 hours after transfection. All stable transfectants were pooled to avoid cloning artifacts.
Total RNA was isolated from OS cell lines using TRIzol reagent (Invitrogen) according to the manufacturer's instructions. Real-time RT-PCR was performed and the fold change in LRP5 mRNA level in OS cell lines relative to NHOst cells was calculated as previously described [27] . PCR condition was as follows: 95°C for 5 minutes, 40 cycles of 30 seconds at 95°C, 30 seconds at 58°C, and 60 seconds at 72°C. Experiments were performed in triplicate.
Western blot assay was performed as previously described [9] . Primary antibodies include anti-MMP-2 (Lab Vision, Fremont, CA), anti-N-cadherin (BD Bioscience, Bedford, MA), and anti-Snail and anti-b-actin (Santa Cruz Biotechnology, Santa Cruz, CA). N-cadherin is a mesenchymal marker [4, 11] and Snail [1] is a transcription factor that promotes cancer metastasis.
Conditioned medium was collected in serum-free medium for 48 hours and concentrated x20 using Centricon filters (Millipore, Bedford, MA). Samples were applied to Bio-Rad zymogram gel containing 0.1% gelatin (Bio-Rad, Hercules, CA). After electrophoresis, gels were placed in 2.5% Triton X-100 buffer for 30 minutes at room temperature, incubated overnight at 37°C in zymography development buffer, and stained with Coomassie brilliant blue for 1 hour [27] . Gelatinolytic activity was visualized as clear bands against a blue background.
143B cells stably expressing PcDNA3.1 or DNLRP5 were seeded in six-well plates and incubated overnight at 37°C. Cells were transiently cotransfected with 4 lg pTOPFLASH reporter plasmid and 0.1 lg cytomegalovirusb-galactosidase plasmid (Invitrogen) using lipofectamine 2000. Beta-galactosidase activity was used as a control for transfection efficiency in each sample. After 48 hours, cells were harvested and the luciferase and b-galactosidase activities were measured using the Bright-Glo luciferase assay system and b-galactosidase enzyme assay system, respectively (Promega, Madison, WI). The relative luciferase unit for each transfection was adjusted by b-galactosidase activity in the same sample.
Briefly, transfected cells were cultured in six-well plates at the density of 4 9 10 5 cells per well. After confluency, a wound was made across the well with a 200-lL pipette tip. The wound was photographed immediately and again at 24 hours using an inverted microscope (910 magnification) to document cellular migration across the gap wound. The width of the gap was measured in five different fields and the average width was calculated. Each experiment was performed in duplicate with similar results.
For colony formation assay, soft agar assays were performed as previously described [27] . Cells were plated at 4000 cells per well in six-well plates in MEMa medium plus 10% FBS in 0.35% (w/v) agar on the top of a 0.8% agar bottom layer. Cells were fed weekly by the addition of 1.5 mL per well growth medium. After 2 weeks, colonies were imaged and counted under an inverted microscope (9100 magnification). Each colony contains more than 10 cells. The data represents means ± standard error of four independent wells.
For in vivo tumor growth and metastasis, 4-week-old NCR-nu/nu (nude) mice were obtained from Taconic (Germantown, NY). 143B cells stably transfected with control PcDNA3.1 or DNLRP5 expression constructs were injected subcutaneously into the right flank (1 9 10 6 cells/ 200 lL phosphate-buffered saline [PBS]). Tumor size was measured every 3 days with a caliper. On Day 21, all the mice were euthanized by CO 2 asphyxiation and flank tumors harvested. The tumor volume was calculated by the formula 1/6 p ab 2 (p = 3.14, a = long axis and b = short axis of the tumor) [27] . Growth curves were plotted from the mean tumor volume ± standard error from 10 animals in each group.
For lung metastasis, PcDNA3.1 and DNLRP5 transfected 143B cells (3 9 10 5 cells/30 lL PBS) were injected percutaneously into left proximal tibia. Animals were euthanized 30 days after tibial injection. Lungs were then harvested, fixed in Bouin's solution, and surface lung nodules were counted under a dissecting microscope. After fixation, sectioning of the lung, and hematoxylin and eosin (H&E) staining, the number of microscopic pulmonary nodules was determined by counting five low-powered fields (910 magnification) from each slide and calculated as mean number of nodules per field.
We compared number of agar colonies, levels of mRNA expression, luciferase activity, and number of lung nodules between the two different transfection groups using Student's t test. To determine significant tumor growth, we used a repeated-measures analysis of variance at the different time points. An additional posttest was performed to examine the difference in tumor size between PcDNA3.1 vector control and DNLRP5 transfection at each time point by using a Bonferroni method. All tests were two-sided.
Results
Our animal models supported the hypothesis that DNLRP5 has in vivo antitumor and antimetastatic activity in OS. We first compared endogenous mRNA level of the Wnt receptor LRP5 in normal osteoblast versus human OS cell lines. LRP5 mRNA expression was upregulated in six of seven human OS cell lines (MNNG/HOS, 143B, 143.98.2, OS160, U2OS, MG63) (all p \ 0.05) (Fig. 1A) . This result provides the rationale for using DNLRP5 to inhibit LRP5-mediated Wnt signaling in OS and to examine the in vivo antitumor and antimetastatic activity. DNLRP5 was successfully transfected into 143B cells to establish the stable cell line expressing DNLRP5 (Fig. 1B) .
DNLRP5 decreased TCF/LEF transcriptional activity (a hallmark of Wnt signaling) in 143B cells by 63% compared with that in control cells by TOPFLASH reporter assays (p = 0.0039) (Fig. 1C ). Tumors formed by DNLRP5 transfected cells grew slower (p = 0.014) than those from control transfected cells, suggesting an inhibitory effect for DNLRP5 on OS tumorigenesis (Fig. 2) . DNLRP5 transfected cells formed fewer (p = 0.0048) lung surface metastatic nodules than control cells (Fig. 3A) . When examined by H&E staining under light microscopy, DNLRP5 transfected cells formed 81% fewer (p = 0.01) microscopic lung foci than vector control transfected cells (Fig. 3B) .
Reflecting decreased anchorage-independent growth of 143B cells in soft agar, DNLRP5 transfected 143B cells formed 85% fewer colonies (p = 0.007) than control transfected cells (Fig. 4A ). In addition, colonies formed by DNLRP5-transfected cells were qualitatively smaller than those by control cells (Fig. 4A, inset) .
DNLRP5 decreased the migration capacity of 143B cells. Twenty-four hours after a scratch wound was made in the monolayer, DNLRP5 transfected 143B cells exhibited less migration (p = 0.000001) into the wounded area when compared with control transfected cells (Fig. 4B) . DNLRP5 decreased the expression of several cancer cell invasiveness markers in 143B cells. Pro-MMP-2 protein expression and proteolytic activity were qualitatively suppressed by DNLRP5 in 143B cells (Fig. 5A ). Protein levels of N-cadherin and Snail were qualitatively downregulated by DNLRP5 transfection (Fig. 5B ). We were unable to detect E-cadherin expression in 143B cells by Western blot analysis (data not shown).
Discussion
Our previous work demonstrated LRP5 receptor is commonly expressed in human OS and correlated with a worse disease-free survival in patients. Here we investigated whether targeting LRP5 receptor signaling in OS by using a dominant-negative form of this receptor could be a new strategy for OS therapy. Based on our results that DNLRP5 considerably inhibited tumor growth and metastasis in animal models and decreased the expression of cancer cell invasiveness-associated markers, targeting the LRP5 receptor deserves further investigation for the development of novel therapy in OS.
One of the limitations of this study is only one OS cell line (143B) is used as a result of a scarcity of tumorigenic OS cell lines. The other tumorigenic OS cell line (MNNG/ HOS) is chemically transformed and therefore may be etiologically less relevant. The 143B cell line used in this study is a K-Ras-transformed derivative of TE85 cells with more metastatic and growth potential in vivo than the parental TE85 line [16, 18] . 143B cells have been used successfully to create a xenograft animal model for human OS with various stages of local tumor growth as well as rapid spontaneous metastasis from an orthotopic injection site [16] . However, given 143B cells are K-Ras transformed and Ras mutation is rare in human OS [20] , one must be cautious in generalizing the current in vitro and in vivo data to all clinical OS cases. Nevertheless, given DNLRP5 exhibited antiinvasive effects in both nontransformed SaOS-2 cells [9] as well as in 143B cells, canonical Wnt signaling may play an important oncogenic role and thus deserves further investigation as a potential therapeutic target in human OS.
The first step in the transduction of Wnt signaling involves the binding of Wnt ligands to their membrane receptors. The seven-pass transmembrane, G-coupled Frizzled (Fz) proteins were first identified as high-affinity receptors that bind Wnt proteins [3] . Later, LRP5 was also identified as a coreceptor required for transducing extracellular Wnt signal into intracellular response [23] . Several lines of evidence suggest LRP5 plays an important role in human OS [9, 12] . We previously showed DNLRP5 decreased in vitro cellular invasiveness of SaOS-2 cells [9] . Our data demonstrate the inhibitory effect of DNLRP5 on OS tumor growth using the cell line 143B. Using an orthotopic OS metastasis model in nude mice, we showed DNLRP5 reduced lung metastasis, further suggesting a key role for LRP5 in OS progression.
The epithelial to mesenchymal transition (EMT) has been extensively studied as a result of its critical role in regulating cell migration during embryogenesis and neoplastic invasion [4] . The Snail superfamily of zinc-finger transcription factors is essential for the induction of EMT and the invasive process [24] . Wnt signaling promotes tumor invasion by stabilizing Snail in breast cancer cells [26] . In the current study, DNLRP5 transfection suppressed Snail with associated decrease in cell motility and lung metastasis of 143B cells. This is consistent with reports of increased levels of Snail correlating with a higher metastatic potential of many cancers [1, 2, 24] . In addition to its function as a regulator of EMT, the Snail family of transcription factors can affect MMP activities. Overexpression of Snail in liver cancer cells promotes MMP-2, MMP-7, and MT1-MMP expression [19] . Transfection of melanoma cells with Snail antisense decreases MMP-2 expression [14] . Our data suggest downregulation of Snail after DNLRP5 transfection paralleled a reduction in pro-MMP-2 ( Fig. 4 ). In addition, MMP-2 is a direct transcriptional target of Wnt signaling [25] . Thus, it is possible DNLRP5 can modulate MMP-2 directly by blocking TCF/LEF or indirectly by reducing Snail and its transcriptional activity. However, little is known at this time about how LRP5 activates these mechanisms.
Recent evidence indicates gain of expression of N-cadherin in tumor cells confers an increased metastatic potential. Hazan et al. [10] reported N-cadherin is upregulated in less differentiated and more invasive breast cancer cell lines that lacked E-cadherin. Transfection of N-cadherin into breast cancer MCF-7 cells increased in vitro cell motility and led to widespread metastasis to the lung, liver, pancreas, and lymph nodes when injected into nude mice [11] . Transfection of DNLRP5 downregulated N-cadherin expression in SaOS-2 cells [9] and in 143B cells associated with a less invasive phenotype. Taken together, these findings suggest Wnt-mediated signaling can modulate the invasive program in OS cells through multiple mechanisms.
Blocking Wnt signaling using DNLRP5 led to downregulation of several proteins involved in tumor progression (ie, N-cadherin, Snail, MMP-2). More importantly, DNLRP5 effectively inhibited in vivo tumor growth and spontaneous pulmonary metastasis in an orthotopic xenograft model of OS. Given the pronounced antitumor and antimetastasis effects of DNLRP5, we believe strategies to block canonical Wnt signaling deserve further investigation as an adjuvant therapy for OS.
